1. Introduction {#sec1}
===============

Solar-driven evaporation is a green, efficient, and low-cost technology to obtain pure water, enable electricity generation, and treat the wastewater by water desalination based on converting solar light into heat energy.^[@ref1]−[@ref5]^ The interfacial evaporation is considered as an ideal approach to treat water through localizing heat at the liquid--air interface rather than all body of liquid.^[@ref1],[@ref6]−[@ref9]^ The efficiency of solar-driven steam generation depends on various factors including broadening solar absorption, managing localized thermal, replenishing rapidly water, and transporting vapor.^[@ref10]−[@ref13]^ Currently, the double-layer structure, consisting of upper photothermal conversion layer and bottom insulator layer, is known as an ideal design for solar-driven steam generation, which can efficiently inhibit the heat transferring to the bulk water.^[@ref14]−[@ref19]^

A lot of breakthroughs mainly focus on enhancing the efficiency of solar-thermal conversion through choosing strong absorption materials such as noble metal nanoparticles,^[@ref20]−[@ref22]^ inorganic semiconductors,^[@ref23]−[@ref27]^ carbon-based materials,^[@ref28]−[@ref30]^ and organic materials.^[@ref31],[@ref32]^ Various investigations have manifested that a number of factors should be considered not only the efficiency of steam generation but also the other key parameters including the green preparing, innocent recycling, low-cost raw materials, and so on. Recently, Zhou reports a flame-treated wood with an efficiency of 72% as a device for solar-driven steam generation under one solar irradiation.^[@ref33]^ This result, in combination with a renewable, scalable, low-cost, and robust material, demonstrates that the flame treated-wood can serve as a promising candidate for solar steam generator. More recently, laser processing technique has emerged as a novel method for fabricating nanostructure with low cost, high efficiency, portability, and large scale. The technology with high designability enables materials to be grown at desired location. The technology can change structure and properties of the material and make it more controllable due to its multiscale and selectivity possess. This ability has a potential benefit for the fabrication of the complicated and expensive process of integration. Carbon-based devices prepared by laser treatment diverse lignocelluloses materials have been abundantly investigated in electronics,^[@ref34]^ water splitting, and other domains.^[@ref35]−[@ref37]^ The natural flaking phoenix tree bark is with natural capillary pumping microchannels, which can be easily prepared to form a double-layer structure by laser treatment with many competitive merits as the alternative material for solar-driven steam generation.

Here, we use a clean energy utilization route to obtain pure water and treat the wastewater from the following four processes (from raw materials selected to discarded recycle, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). (a) The raw material selected, the phoenix tree bark of natural peeling off is chosen as a raw material not only due to the weather resistance and reuse of natural waste, more important intrinsic microchannels as natural filter, and self-pump characteristics. (b) The construction of solar absorber, the bark as lignocellulose material can easily be converted into the porous carbonized layer by one-step laser treatment, which possesses high photothermal conversion efficiency and excellent hydrophilic capability due to forming of the carbonized layer. (c) Efficient solar desalination, solar-driven steam generation system is constructed based on the carbonized bark under 1 sun. By treating the sewage and seawater under 1 sun, ion concentrations of the desalination water fully meet the standard for healthy drinking water defined by World Health Organization (WHO) and US Environmental Protection Agency (EPA).

![Schematic diagram of the preparation process.](ao9b03973_0001){#fig1}

2. Materials and Methods {#sec2}
========================

2.1. Preparation of Double-Layer Structure Device {#sec2.1}
-------------------------------------------------

Dried barks in the experiment are acquired from scaling off barks of phoenix trees on campus and cut into a diameter of 2.5 cm circle (0.1 cm thick). Thereafter, the bark is put into 50 mL of deionized water on the beaker and then reduplicatively soaked for 3 h to remove impurities. Subsequently, the resulting bark is naturally dried in the air. Laser treatment is conducted on a laser platform equipped with a semiconductor laser with wavelength of 445 nm, the bark is located under the 445 nm laser by direct irradiation, rapidly transforming laser irradiation zone of the bark into carbonized layer. The pattern (circle) on the bark replies on design of computer and is controlled by two stepper motors in *X*--*Y* direction. The beam size of laser and the minimum displacement of stepper motor are ≈100 μm. The scanning speed of laser is 1.6 mm/s and the laser power is 1.6 W. After the laser irradiation, the carbonized bark as a solar steam-generation device is obtained.

2.2. Materials Characterization {#sec2.2}
-------------------------------

The morphology characteristics of the natural and carbonized barks are characterized by a field-emission scanning electron microscope (the Nano SEM 230). Raman spectroscopy is measured using a 632.8 nm laser with an incident power of 1 mW. X-ray photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR), and UV--vis absorption spectrums are obtained using thermo fisher scientific Al K alpha instrument, Nexus 870 spectrometer, and Perkin Lambda UV--vis--NIR spectrophotometer respectively. The optical transmittance and reflectance spectrums of the natural and carbonized barks are measured in the range of 400--2500 nm with a Shimadzu UV3600 spectrophotometer attached to an integrating sphere (ISR-3100). The absorption efficiency is then calculated by *A* = 1 -- *R* -- *T*, where *R* and *T* are the reflection and transmission efficiency, respectively. Mechanical test is performed on a Microcomputer Control Electronic Universal Testing Machine made by Gao tie in China (AI-7000M). The ion concentration is monitored by ion chromatography (JCS-1500) with dilutions 100 times in ultrapure water to make the loaded ion concentration recognized. The hydrophilic analyses of these samples are performed with a contact angle analyzer (Power each, JC2000D1, China).

2.3. Experimental for Steam Generation {#sec2.3}
--------------------------------------

The experiment of the steam generation performance is conducted using a homemade optical system with a solar simulator (LSH-X500, AM1.5) in the laboratory. The solar flux is measured by a power meter. The natural and carbonized barks (*D* = 2.5, 0.1 cm, thick) are placed on the quartz container, floating on the surface of seawater (from the Bohai Sea of China) in direct contact with bulk water. Then, the quartz container is placed in the beam spot with a solar flux of 1 sun. The experiments are typically conducted at an ambient T of ≈21 °C. The change of water mass is in situ measured with recording data at 10 min intervals using a high-accuracy balance (FA 1004, 0.1 mg in accuracy). Before light is on, the evaporation rate for samples is measured in the dark for 1 h, respectively. The respective dark-condition evaporation rates are subtracted from all the measured evaporation rates under 1 kW m^--2^. Before all evaporation rates are measured, the stabilization is kept under 1 sun for 10 min.

3. Result and Discussion {#sec3}
========================

3.1. Characterization of the Double-Layer Structure {#sec3.1}
---------------------------------------------------

Scanning electron microscopy (SEM) for the natural and carbonized barks is showed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Relatively size distribution of micropores is formed during the natural growth process of the bark ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The size distribution of the inherent multipore structure of the natural bark mainly concentrates on 6--21 μm, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. These micropores play an extremely important role in keeping a balance between the water transportation and evaporation, and these mutual segmented porous structures can pump water and inhibit nutrient losses through siphoned effect. The pore size is further broadened ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d) in the process of laser treatment of the surface of the bark, which can make for the efficient light absorption and the water transport during solar-driven steam generation.

![Morphology of the natural and carbonized barks. (a,b) SEM images of the phoenix tree bark at different magnifications showing surface (a) pores (b) insets: pore size distribution. (c,d) SEM images of the carbonized bark at different magnifications showing surface (c) pores (d) insets: pore size distribution.](ao9b03973_0002){#fig2}

The sample treated by laser is characterized by Raman spectrum. It can be clearly seen that three main peaks are shown at 1331, 1584, and 2711 cm^--1^, corresponding to D, G, and 2D peaks, respectively, while the natural bark has on a featureless pattern in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a.^[@ref38],[@ref39]^ The spectrum obtained shows the D and G characteristic peaks of amorphous and graphitic carbon in the carbonized bark. The D-band derives from vibrations of carbon atoms of disordered graphite in amorphous carbon. In addition, the D-band exhibits a higher intensity than G-band, indicating a high content of amorphous carbon and a low degree of graphitization in the sample. The 2D peak is not obvious in the spectrum of the carbonized bark, which may be due to the low amount of randomly stacked graphene and the nature of the 2D region, which is highly broadened and low intense.^[@ref37]^ The chemical compositions and functional groups of the natural and carbonized barks are identified by XPS and FTIR spectroscopy. An XPS survey spectrum apparently suggests that both the natural bark and the carbonized bark samples involve in C 1s and O 1s ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). A high-resolution C1 spectrum with a peak centered at 284.5 eV in both the natural and the carbonized bark samples are shown in Figure S2 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03973/suppl_file/ao9b03973_si_001.pdf)), suggesting that the C--O content decreases and C--C and C=O contents increase for the carbonized bark. Note that carbon contents increase by 8% in C−C bonds (sp^2^) for the carbonized bark compared with the natural bark, may indicating as an indication of graphitic structure due to optical reduction and laser heat action process.^[@ref40]^ The FTIR spectra of the natural bark exhibits the bands at 850--1195, 1620, and 1738 cm^--1^, which are the characteristic peaks for C--C/C--O stretching vibrations of cellulose, C=C the aromatic skeletal vibrations of the lignin, and C=O stretching vibrations of the acetyl groups of galactoglucomannan, respectively ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03973/suppl_file/ao9b03973_si_001.pdf)). These strong bands dramatically decrease or are invisible due to the thermal splitting of intricate functional group chains of cellulose and lignin component under high photo energy by laser treatment. The emerging peak at 1600 cm^--1^ is related to the stretching modes of the sp^2^-hybridized C=C bonds, implying the formation of the graphitic structure. The FTIR spectrum also clearly shows that the intensity of the characteristic peak (C=C bonds) basically keeps no change due to the extreme stability of graphitic structure as the laser power increases. The new functional group (C--O) also is detected in the carbonized bark. These results are in well agreement with XPS and the Raman measurements. The stability of composition is further analyzed by the thermogravimetric analysis (TGA) measurement ([Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03973/suppl_file/ao9b03973_si_001.pdf)). The weight percentage basically remains unchanged in the temperature range from 100 to 300 °C, whereas for over 300 °C, the corresponding weight percentage rapidly declines owing to chemistry components decomposition,^[@ref41]^ which indicates the enhancement of thermal stability for the carbonized bark after laser treatment. The thermal stability indicates that the carbonized bark shows a favorable weather resistance in the practical application.

![Structure and chemical components of the natural and carbonized barks. (a) Raman spectra and XPS (b) of the natural and carbonized barks.](ao9b03973_0003){#fig3}

3.2. Absorption, Mechanical, and Hydrophilic Properties {#sec3.2}
-------------------------------------------------------

Three important factors determine the practical application: broadband absorption, outstanding mechanical flexibility, and excellent hydrophilic behavior. (1) The absorption spectrums for the natural and carbonized barks over the whole spectrum range of 400--2500 nm are performed through a spectrophotometer equipped with an integrating sphere. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, the natural bark had a ≈68% absorption of all solar energy (weighted under AM 1.5G). After laser treatment, the absorption of the carbonized bark dramatically increases ≈94% in the whole spectrum region. The increase of absorption is ascribed to forming of the carbonized layer, increment of surface roughness, and enlargement of these pores diameter.^[@ref42]^ Through comparing with the blackness of these samples (glass slice, the natural bark and the carbonized bark) ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03973/suppl_file/ao9b03973_si_001.pdf)), the result further suggests the carbonized bark is with a high light absorption. (2) The mechanical property is further studied by measuring the stress--strain curve, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. Testing result is with a fracture strain of 20% occurred with the stress of 0.6 MPa and the strain of 20% occurred with 1.0 MPa. The carbonized bark greatly meets the requirement of mechanical stability in practical application of solar vapor generation ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03973/suppl_file/ao9b03973_si_001.pdf)). It can be the key to keep the carbonized bark moving along the water surface persistently and efficiently due to the excellent mechanical flexibility and the self-floating capability.^[@ref18]^ (3) The hydrophilic ability is another important factor to ensure efficient water transport. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c,d, the contact angle of the natural bark is measured to be 129.2°, while one of the carbonized bark is to be with a contact angle of 11.7°. The better hydrophilic behavior for the carbonized bark can result from new oxygen functional group formed in the process of laser treatment in the air,^[@ref37]^ which can keep continuing to pump water spontaneously.

![Optical, mechanical, and hydrophilic characteristics of the natural and carbonized barks. (a) Solar spectral irradiance (AM 1.5G) (right hand side axis) and absorption (left hand side axis) of the natural and carbonized barks. (b) Natural and carbonized barks with 30 mm in height, 10 mm in width, and 0.1 mm in length are used for stress--strain curve testing. Contact angles of (c) the natural bark and (d) the carbonized bark.](ao9b03973_0004){#fig4}

3.3. Steam Generation Device Performance {#sec3.3}
----------------------------------------

The bilayer structure is designed and applied by directly self-floating on the seawater (from the Bohai Sea of China) for solar steam generation ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03973/suppl_file/ao9b03973_si_001.pdf)). The solar thermal conversion capacity is evaluated through detecting the change of the surface temperature of samples under 1 sun ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a and [S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03973/suppl_file/ao9b03973_si_001.pdf)). As the light is turned on, the surface temperatures of the natural and carbonized bark rapidly increase due to excellent photothermal conversion capacity. A 39.9 °C temperature achieved for the carbonized bark is a little more than *T*~natures,sur~ (37 °C) for the natural bark once reaching steady-state water evaporation. The steam generation capability is quantified by measuring the mass change of water at 600 s interval in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. The linearly increasing mass change of water with irradiation time suggests a sustainable and stable water evaporation process. The mass change of water (1.25 kg m^--2^) of the carbonized bark is 133% that of the natural bark (0.94 kg m^--2^) under 3600 s solar irradiation, demonstrating that the carbonized bark efficiently improves solar steam generation ability. The evaporation rate and energy conversion efficiency are accurately examined by recording the weight change under normal solar illumination ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). The energy conversion efficiency is defined as η = *mh*~lv~/*P*~in~, where *m* is the mass flux of steam, *h*~lv~ is the liquid--vapor phase change enthalpy, and *P*~in~ is the received power density of solar illumination.^[@ref43]^ The evaporation efficiencies are calculated for the natural and carbonized barks to be 50 and 74% at the power density of 1 kW m^--2^. The results can be ascribed to the formation of the carbonized layer as well as the generation of larger porous structure. Meanwhile, solar-driven steam generation over eight cycles ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d) with 3600 s irradiation each cycle based on the carbonized bark shows very little variation, indicating that the carbonized bark still is relatively stable and can be favoring long-term reusability. The effect of light especially for the near-infrared light (NIR) possessing nearly ∼54% in the solar spectrum plays an important role in photothermal energy conversion;^[@ref44]^ the photothermal performance under the monochromatic light (808 nm) is shown in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03973/suppl_file/ao9b03973_si_001.pdf). The experiment results clearly display that NIR light irradiation has a positive effect on solar energy thermal conversion.

![Solar steam generation performance of the natural and carbonized barks. (a) Schematic illustration of the solar steam generation device. (b) Mass change of water for the natural and carbonized barks over time in the dark field and under 1 sun illumination. (c) Solar steam efficiency (left hand side axis) and evaporation rate in the dark field and under 1 sun illumination (right-hand side axis) with the natural and carbonized barks. (d) Evaporation rate over 8 cycles.](ao9b03973_0005){#fig5}

In order to investigate the performance of the carbonized bark in the application of dye wastewater treatment ([Figure S9a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03973/suppl_file/ao9b03973_si_001.pdf)), the analogue dye wastewater mainly composed of pigment and seawater is applied as experimental water for the evaporation test. As presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, the condensed water that is colorless and transparent shows the near zero optical absorbance, manifesting an excellent sewage treatment performance. Obviously, the remove of dye mainly is ascribed to solar evaporation. Therefore, the carbonized bark is suitable for the treatment of dye wastewater. To evaluate the capability of removing ions in the seawater by the desalination of the carbonized bark, the concentrations of four metal ions before and after desalination are compared. It can be clearly seen that the concentrations of four metal ions (Na^+^, K^+^, Mg^2+^, and Ca^2+^) are significantly reduced after desalination and lower than average value of thermal distillation-based (1--50 mg L^--1^) seawater desalination techniques and the value typically obtained by membrane-based (10--500 mg L^--1^)^[@ref16],[@ref45]^ in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b. The concentrations of the four metal ions greatly meet the standard for healthy drinking water defined by WHO and EPA. Note that the ion concentrations (Na^+^, Mg^2+^, and Ca^2+^) of purified water obtained through direct desalination are nearly appropriated to values of diluted 100 times desalination, which consists with the resistance test results ([Figure S9b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03973/suppl_file/ao9b03973_si_001.pdf)).

![Performance of water desalination. (a) Dye wastewater treatment performance for the carbonized bark before and after water desalination under one solar illumination. (b) Measured concentrations of four metal ions before and after desalination.](ao9b03973_0006){#fig6}

The heat-transfer mechanism under 1 sun irradiation is shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The heat transfers involve following several processes, including a radiation loss of only ≈4.5 and ≈4.1%, the conduction loss of ≈12.6 and 10.3%, and a convection loss of only ≈3.5 and ≈3.05% for the natural and carbonized barks (detailed calculation shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03973/suppl_file/ao9b03973_si_001.pdf)), respectively. The intrinsic low reflective capacity owing to porous structure and strong light absorption of the carbonized layer results in an efficient and broad absorption in the whole sunlight spectrum. The solar energy absorbed by the carbonized bark can be converted into the located thermal energy to generate steam. On account of local thermodynamic equilibrium, the energy generated can be exchanged with saturated water within the porosity of the material, enabling heat-transfer downward. Furthermore, hydrophilicity and porous structure cause water transport automatically from the bulk water entering into micron channels in the carbonized bark.

![Schematic diagram of heat-transfer mechanism. A representative cross section of the structure for localization of heat and energy flow and heat transfer in the carbonized bark.](ao9b03973_0007){#fig7}

4. Conclusions {#sec4}
==============

In summary, the carbonized bark is fabricated as a steam generator under solar irrational through a low-cost and clean method. The carbonized bark exhibits a strong absorption capability (94%) in the whole spectrum region and super-hydrophilic property with a contact angle of 11.7°. The excellent characteristics render the carbonized bark a significantly increasing mass change of 1.25 kg m^--2^ for solar-driven evaporation under 1 sun. In the dye wastewater treatment, the distillation water obtained exhibits higher resistance values (9.65 MΩ) than domestic water, reaching international standard of drinking water. The mechanical property perfectly matches the requirement of mechanical stability in practical solar vapor generation. Owing to the low-cost, clean method, and excellent distillation water performance, the carbonized bark can be used as a practical candidate for acquiring purified water, which also paves a new strategy in various practical applications like antibacterial practice, steam electric power, and supercapacitor.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b03973](https://pubs.acs.org/doi/10.1021/acsomega.9b03973?goto=supporting-info).Portable laser platform, XPS spectra, FTIR spectra, TGA analysis, optical photograph of the laser beam path reflected, typical flexibility, overall view of the device of solar-driven steam generation experiment, maximum temperatures of the surfaces of the natural and carbonized barks, photothermal conversion performance under 808 nm laser irradiation, solar desalination setup, resistance values between electrodes, and five-part energy consumption computational formula ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03973/suppl_file/ao9b03973_si_001.pdf))
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